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S .  Gilman 
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I NTROD UCT I ON 

The u l t ima te  goa l  of  t he  hydrocarbon f u e l  anode r e sea rche r  is  to  
provide an i n t e l l e c t u a l  b a s i s  f o r  t h e  enhancement of  system r e a c t i v i -  
t y .  A s  a s t e p  toward t h a t  g o a l ,  w e  have undertaken the  e l u c i d a t i o n  
of  t h e  d e t a i l e d  mechanism of ope ra t ion  of a s i n g l e  well-defined s y s -  
t e m .  The ethane-platinum system was chosen for  its r e l a t i v e  s i m -  
p l i c i t y .  

Other than mass t r a n s p o r t ,  t h e  s i g n i f i c a n t  r eac t ions  of e thane 
a l l  occur  on the platinum s u r f a c e .  Some of t he  r e a c t i o n s  (such as 
e l e c t r o n  t r a n s f e r )  w i l l  depend on the  e l ec t r i c  f i e l d  s t r e n g t h  and 
may be c l a s sed  a s  e lec t rochemica l ,  o t h e r s  ( e . g . ,  poss ib l e  cracking 
r e a c t i o n s )  might be c l a s s e d  as surface-chemical ,  bu t  i n  a gene ra l  
sense  a l l  a r e  s u r f a c e  p rocesses .  I t  is immediately apparent  there-  
f o r e  , t h a t  f o r  mechanis t ic  s t u d i e s  of organic  e l ec t ro -ox ida t ion  t o  
tiave any bas i c  s i g n i f i c a n c e ,  such s t u d i e s  must inc lude  cha rac t e r i za -  
t i o n  of t h e  adsorp t ion  l a y e r ,  p re fe rab ly  under anode opera t ing  condi- 
t i o n s .  Such s t u d i e s  come r e a d i l y  wi th in  t h e  scope of e lec t rochemica l  
pu l se  techniques (1 ,2 )  . 

Since w e  are dea l ing  wi th  a complex adsorba te  (e thane)  and t h e  
platinum su r face ,  w e  are a c t u a l l y  dea l ing  wi th  not  one, bu t  a family 
of systems. Hence i t  is necessary t o  i n v e s t i g a t e  a l a rge  number of 
C 1  and C2 adsorba tes  ( s i n c e  these  w i l l  y i e l d  p e r t i n e n t  s u r f a c e  spec ies )  
as w e l l  as t h e  adsorp t ion  of hydrogen, oxygen and an ions .  In  t h i s  
paper ,  w e  w i l l  stress t h e  r e l a t i o n s h i p  of  two sub-systems (e thylene  
and acetylene-platinum) t o  the  ethane anode problem. 

EXPERIMENTAL 

Equipment and Chemicals 

The e l e c t r o n i c  equipment, g l a s s  tes t  v e s s e l  and e l e c t r o d e s  have 
been descr ibed  previous ly  ( 3 ) .  The e l e c t r o l y t e s  used were 1 N per- 
c h l o r i c  ac id  and 85% phosphoric a c i d ,  each prepared from A . R .  grade 
a c i d  using t r i p l y - d i s t i l l e d  water .  The e thy lene  and ace ty lene  used 
was P h i l l i p s  Research Grade. G a s  mixtures  of e thylene  or ace ty lene  
with argon were prepared from t h e  Research Grade hydrocarbon, b o t t l e d  
and analyzed by t h e  Matheson Co. The test e l e c t r o d e  w a s  a l eng th  
C.P. grade platinum w i r e  s e a l e d  i n  a s o f t  glass tube with 0.070 c m  
of a r e a  exposed. 
bead of  s o f t  g l a s s .  The va lue  of " s a t u r a t i o n  hydro en coverage",  

"roughness f a c t o r "  (R.F.) of 1 .4  i f  0 .21  mcoul./cm2 is taken  t o  
correspond t o  R . F .  = 1. A l l  measurements were made i n  a thermo- 
s t a t t e d  a i r  ba th  with c o n t r o l  t o  f 0.1OC. 

!If 
The exposed end of t h e  wire was sea l ed  i n  a smal l  

C$H, measured as previous ly  ( 3 )  was 0.296 mcoul./cm 5 , sugges t ing  a 
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Procedure 

The p o t e n t i a l  f u n c t i o n s  employed are diagrammed i n  F ig .  1 (time 
axes no t  t o  s c a l e ) .  The procedure followed dur ing  each s t e p  of Fig.  1 
is summarized i n  Table I along wi th  t h e  s i g n i f i c a n c e  of t h e  procedure. 
A l l  p o t e n t i a l s  were measured a g a i n s t  a r e v e r s i b l e  hydrogen e l e c t r o d e  
immersed i n  t h e  adsorbate-f ree e l e c t r o l y t e .  

RESULTS 

I .  Kine t i c s  of Adsorption of Ethylene and Acetylene ' 

Sequence I ,  Table I w a s  employed i n  making these  measurements. 
This  sequence is s i m i l a r  t o  t h a t  p rev ious ly  used i n  t h e  s tudy of CO, 
(3 )  i n  t h a t  t he  pas s ive  "oxygen" f i l m  is used t o  hold off  adsorpt ion 
u n t i l  reduced i n  s t e p  D .  The d u r a t i o n  of s t e p  B and the  p o t e n t i a l  of 
s t e p  C have been decreased  t o  avoid unnecessary exposure t o  oxidizing 
cond i t ions  (simply as a precaut ion)  without any s a c r i f i c e  of the 
su r f  ace r e p r o d u c i b i l i t y  p rev ious ly  r epor t ed  (3) . 

during s t e p  D may be measured by a p p l i c a t i o n  of sweep E of sequence 
I ,  Table I .  The t r a c e s  of F ig .  2a  and 2b were obta ined  a t  3OoC,  using 
s o l u t i o n s  of 1 N p e r c h l o r i c  a c i d  s a t u r a t e d  wi th  gas  mixtures  of. 
1.08% ethylene - 98.92% argon and 0.105% acetylene - 99.895% argon, 
r e spec t ive ly .  The t r a c e s  of F ig .  3 were obta ined  a t  120°C using an 
85% s o l u t i o n  of phosphoric a c i d  s a t u r a t e d  wi th  a gas  mixture of 
1.08% ethylene - 98.92% argon. For  e thy lene ,  t r a c e  1 of F ig .  2a 
was obtained i n  t h e  absence of e thy lene ,  and s e r v e s  as "solvent 
c o r r e c t i o n " .  The area inc luded  between t r a c e  1 and any subsequent 
t r a c e  is a charge Q which corresponds to t h e  o x i d a t i o n  of t h e  
hydrocarbon adsorbe j%ring  s t e p  D of t h e  sequence. For the  sweep 
speed employed and f o r  t he  concen t r a t ion  of hydrocarbon used, i t  may 
be ca l cu la t ed  t h a t  t h e  m a x i m u m  amount of hydrocarbon which may a r r i v e  
a t  the e l ec t rode  (by l i n e a r  d i f f u s i o n )  and be adsorbed and/or oxi-  
dized during s t e p  E, is s m a l l  compared w i t h  tha t  a l ready adsorbed 
dur ing  s t e p  D .  A s i m i l a r  charge,  QA, may be def ined  f o r  acetylene 
from F ig .  2b. 

A s  f o r  e thane  (4 )  i t  has been found (5) t h a t  t h e  charge def ined 
by t r a c e s  such as t hose  of F ig .  3a and 3b decreases  f o r  sweep speeds 
over approximately 10 v. /sec.  This is due t o  r e t e n t i o n  of a po r t ion  
of the ad-layer p a s t  t he  d u r a t i o n  of t he  f a s t  1 . a . s .  The smaller 
charge measured a t  h ighe r  sweep speeds  may be "ca l ib ra t ed"  however, 
so  t h a t  higher c o n c e n t r a t i o n s  of adso rba te  may be i n v e s t i g a t e d .  We 
may w r i t e  the expres s ions :  

The chargecorresponding t o  the  o x i d a t i o n  of hydrocarbon adsorbed 

* 
and 2) 4, = b QA 

* * where QENE and QA are the  high-speed values  of charge,  and a and b 
a r e  t h e  p r o p o r t i o n a l i t y  c o p s t a n t s  r e l a t i n g  these  charges  t o  the 
10 v. /sec.  v a l u e s .  For  example, f o r  1 N p e r c h l o r i c  a c i d  a t  30°C, a 
and b were found to have t h e  va lues  0.79 and 0.64, r e spec t ive  f o r  
a sweep speed of 100 v . / s e c .  (5). P l o t s  of QENE and QA v s  ob- 
t a ined  f o r  t h e  c o n d i t i o n s  of F ig .  2a and 2b appear i n  Fig.  4 .  The 
l i n e a r  p l o t s  sugges t  d i f f u s i o n - c o n t r o l l e d  adsorpt ion.  The r e l a t i o n -  
s h i p  f o r  s e m i - i n f i n i t e  l i n e a r  d i f f u s i o n  is ( 3 ) :  



- 3 1  - 

\ 

where n = number of e l e c t r o n s  t o  o x i d i z e  and desorb one molecule 
of adsorbed e thy lene  

DENE = d i f f u s i o n  c o e f f i c i e n t  of e thy lene  
CENE = bulk concen t r a t ion  of e thy lene  (mole/cm ) 

and QENE is expressed i n  coul./cm . A s i m i l a r  expres s ion  may be 
w r i t t e n  f o r  Q A .  For t h e  e thy lene  d a t a  of F ig .  4 ,  w e  choose 

3 

2 

= 3.3 x lo-' mole/cm ased  on t h e  s o l u b i l i t y  
C~~~ (3.04 x m o l e / c m  3 5  ., Ref. 6 )  a t  one atmosphere 

i n  1 M s u l f u r i c  a c i d  a t  3 O o C  and assuming appl ica-  
b i l i t y  of Henry's Law 

water a t  20°C, Ref. 7) 

s u r f a c e  C2H2 s p e c i e s  t o  carbon dioxide and water) 

2 = 1.56 x c m  /sec. ( t h e  va lue  f o r  ace ty l ene  i n  DENE 

n = 10 e l e c t r o n s  (assuming complete convellsion of a 

From these  va lues  w e  ob ta in :  
2 

= 0.147 Ti'2 x coul/cm . 4, QENE 
which e x a c t l y  agrees  wi th  t h e  experimental  p l o t  of F i g .  4 .  Con- 
s i d e r i n g  t h e  unce r t a in ty  i n  s o l u b i l i t y  and d i f f u s i o n  c o e f f i c i e n t ,  
t h e  p e r f e c t  agreement must be  assumed to  be f o r t u i t o u s .  The 
occurrence of  reasonable agreement s e r v e s  t o  e s t a b l i s h  t h a t  t h e  ad- 
s o r p t i o n  is indeed d i f f u s i o n  c o n t r o l l e d  (under t h e s e  cond i t ions )  
and t h a t  t h e  va lue  of n chosen is probably c o r r e c t  t o  20%. For the  
ace ty lene  d a t a  of F ig .  5, w e  assume t h e  same va lue  of D and n as 
be fo re .  The concent ra t ion  of ace ty lene  is taken t o  be 

3 C = 3.68 x mole/cm , based on t h e  s o l u b i l i t y  i n  
water a t  3OoC, Ref. 8) and assuming a p p l i c a b i l i t y  
of  Henry's Law. 

From these  va lues ,  w e  ob ta in  a t h e o r e t i c a l  va lue  o f :  
2 5) QA = 0.164 Tii2 x coul./cm 

which is i n  e x c e l l e n t  agreement wi th  t h e  s l o p e  of 0.160 of t h e  p l o t  
of F i g .  4 .  Again, t h e  p e r f e c t i o n  of agreement is probably f o r t u i t o u s ,  
bu t  t h e  gene ra l  agreement suppor t s  t h e  v a l i d i t y  of t h e  assumptions 
made. 

l i n e a r  d i f f u s i o n  l a w  f o r  more than  a few seconds (9), which makes t h e  
l i n e a r i t y  of t he  p l o t s  of F ig .  4 s u s p e c t .  I t  is p o s s i b l e  t o  check 
r e l a t i o n s h i p  (3)  f o r  va lues  of % of less than one second, by us ing  
more concent ra ted  s o l u t i o n s  of t h e  adso rba te  and h igher  sweep speeds.  
Resu l t s  (5) obta ined  i n  t h e  f r a c t i o n a l  second range sugges t  d i f fus ion -  
c o n t r o l  up t o  approximately 80% of  f u l l  coverage, followed by apparent 
a c t i v a t i o n  c o n t r o l .  This  l a t te r  negat ive  d e v i a t i o n  oppose p o s i t i v e  
d e v i a t i o n s  from l i n e a r  d i f f u s i o n  t o  keep t h e  p l o t s  of F i g .  4 1 i ne a r  
f o r  l a r g e  va lues  of TD. 

One would not  expec t  d i f f u s i o n  t o  a w i r e  e l e c t r o d e  t o  follow a 
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11. Surface Coverage f o r  Ethylene and Acetylene As A Function of Con- 
c e n t r a t i o n  and P o t e n t i a l .  

Sequence I1 of Table I1 w a s  employed for t h e s e  measurements. 
Although t h e  informat ion  r equ i r ed  is t h e  extent of adsorp t ion  during 
s t e p  E a t  p o t e n t i a l  U,  s t e p s  D and F must be in t roduced  t o  cope wi th  
t h e  compl ica t ion  of s u r f a c e  "oxygen" and wi th  i r r e v e r s i b i l i t y  of ad- 
s o r p t i o n ,  w i t h i n  regions of t h e  p o t e n t i a l  range  s t u d i e d .  The 
approach followed to o b t a i n  t h e  d a t a  of F i g .  5 - 8 ,  is a s  follows: 

A .  M a x i m u m  Adsorption a t  0 < U 5 0 . 6  V. 

1)  S t a r t i n g  wi th  Zero Surface Coverage - 
TD and TF of sequence 11, Table I were chosen as zero.  

The value of QENE or QA w a s  followed as a f u n c t i o n  of t i m e  a t  each 
concen t r a t ion  u n t i l  a p l a t e a u  value was reached.  The adsorp t ion  t i m e  
w a s  then increased t en - fo ld  t o  check on whether t he  maximum value had 
indeed been a t t a i n e d .  A n  adsorp t ion  t i m e  somewhat l a r g e r  than t h a t  
required was then used to  measure adso rp t ion  over  t he  p o t e n t i a l  range. 
For 0.1% ace ty l ene  and 1% ethy lene  an adso rp t ion  time of 100 s e c .  
was s a t i s f a c t o r y .  For 11% ethy lene ,  10 sec. s u f f i c e s  and f o r  0.01% 
e thy lene  200 s e c .  w i th  s t i r r i n g  s u f f i c e s .  

2) S t a r t i n g  wi th  F u l l  Surface Coverage - 
A t  p o t e n t i a l s  o t h e r  t han  approximately 0 . 2  - 0 . 4  v . ,  t h e r e  

a r e  processes  of o x i d a t i o n  (h igh  p o t e n t i a l s )  or hydrogenation-desorp- 
t i o n  (low p o t e n t i a l s )  competing w i t h  t h e  adso rp t ion  process.  At ta in-  
ment of an equ i l ib r ium va lue  is appa ren t ly  very slow. I t  is poss ib l e  
t h a t  equ i l ib r ium s u r f a c e  coverage does no t  e x i s t  i n  t he  strict sense 
because of i r r e v e r s i b i l i t y  in t he  adso rp t ion ,  deso rp t ion  and oxida- 
t i o n  processes ,  f u r t h e r  complicated by g radua l  changes in t h e  s t r u c -  
t u r e  of t h e  ad - l aye r .  I n s t e a d  of awai t ing  apparent equi l ibr ium, w e  
may assume a "quasi-equilibrium" va lue  t o  correspond to t h e  average 
of t h e  values  achieved when t h e  p o t e n t i a l  is app l i ed  a l t e r n a t i v e l y ,  
t o  t h e  i n i t i a l l y  uncovered and fu l ly-covered  s u r f a c e .  The lat ter 
measurement is accomplished by choosing TD a t  t h e  va lue  which r e s u l t s  
i n  f u l l  coverage f o r  t h a t  concen t r a t ion  a t  0 . 4  v.  P o t e n t i a l  U w a s  
app l i ed  f o r  a s i m i l a r  l e n g t h  of time TE, and t h e  r e s u l t i n g  decreased 
va lues  of QENE and QA w e r e  measured. 

B. Maximum Adsorption a t  U 2 0 . 7  v. 

1)  S t a r t i n g  wi th  Low Surface Coverage - 
A t  p o t e n t i a l s  above 0 . 7  v., t h e  rate of reduct ion  of t he  

pas s ive  oxygen f i l m  in t roduced  dur ing  s t e p  B is s m a l l  (or z e r o ) ,  
r e t a r d i n g  adso rp t ion .  T o  compensate f o r  t h i s  d i f f i c u l t y ,  TD w a s  
chosen a t  1 s e c . ,  dur ing  which t i m e  some (bu t  not complete) adsorp- 
t i o n  of t h e  hydrocarbon occurred.  TF w a s  a l s o  se t  at 10 msec., t o  
reduce s u r f a c e  "oxygen" depos i t ed  dur ing  s t e p  E ,  SO t h a t  t h i s  would 
not i n t e r f e r e  with subsequent de te rmina t ion  of t h e  Sur face  coverage 
du r ing  the  1.a.s.  

2) S t a r t i n g  wi th  F u l l  Surface Coverage - 

,1 

I 

T was chosen a t  t h e  value found t o  give f u l l  s u r f a c e  
coverage a t  8 . 4  v .  This t i m e  a l s o  s u f f i c e d  f o r  complete reduct ion  
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Of t h e  oxygen f i l m  from s t e p  B. Step  F w a s  chosen a t  10 msec. to. 
prevent  "oxygen" from i n t e r f e r i n g  wi th  t h e  subsequent measurement of 
s u r f  ace coverage. 

111. AdsorDtion (1.a.s.)  Traces f o r  CO and Ethane. 

Linear  anodic sweep traces corresponding t o  CO s u r f  ace 
coverage dur ing  adso rp t ion  and dur ing  ox ida t ion  of  CO appear  i n  
F ig .  9a  and 9b r e s p e c t i v e l y .  The c h a r a c t e r i s t i c s  of  t h e  e l e c t r o d e s  
used and t h e  method of measurement were desc r ibed  previous ly  (3,101. 
The sweep speed used w a s  360 v. /sec.  F i g .  9 a  corresponds to  adsorp- 
t i o n  from 1 N p e r c h l o r i c  a c i d  s a t u r a t e d  wi th  a gas  mixture Of 1% 
CO - 99$ argon. F i g .  9b corresponds t o  o x i d a t i o n  a t  1.0 v.  Of a 
monolayer of CO adsorbed a t  0 . 4  v .  from t h e  d i l u t e  CO s o l u t i o n .  The 
temperature  w a s  3OoC i n  bo th  cases. 

Traces  obta ined  dur ing  t h e  adso rp t ion  of e thane  f r o m  a 1 N 
perch lo r i c  ac id  s o l u t i o n  s a t u r a t e d  with pure e thane  a t  3OoC,  appear 
i n  F i g .  10 .  The cond i t ions  under which these  traces were obtained 
were descr ibed  previous ly  (4) . 

The cond i t ions  under which t h e  t r a c e s  of F i g ,  9 and 10 were 
measured are s imilar  t o  those  f o r  e thy lene  and ace ty l ene  i n  t h a t  
c u r r e n t s  corresponding t o  organic  ox ida t ion ,  correspond only  t o  
ma te r i a l  on the  s u r f a c e  be fo re  a p p l i c a t i o n  of t h e  1.a.s. 

D I SCUS S I ON 

I .  S t ruc tu re  of Adsorbed Ethylene and Acetylene.  

We w i l l  a t t empt  to  deduce c e r t a i n  a s p e c t s  of t h e  s t r u c t u r e  of 
t h e  ad-layer  on t h e  b a s i s  of  t he  r e s u l t s  of measurement of t h e  rate 
of  adsorp t ion ,  of  t h e  shape of t h e  charge ( su r face  coverage) p o t e n t i a l  
p l o t s  and of t h e  q u a l i t a t i v e  appearance of the adso rp t ion  (1 .a . s . )  
t r a c e s .  

A .  Terminology Used In Describing the  Adsorption Layer.  

A s  t h e r e  appears  t o  be no g e n e r a l l y  accepted vocabulary f o r  
d i scuss ing  the  d e t a i l s  of t h e  ad-layer ,  t h e  fol lowing terms and 
d e f i n i t i o n s  have been adopted: 

Stoichiometry of t h e  ad-layer  - The r e l a t i v e  amounts of t he  
va r ious  elements  (carbon,  hydrogen, oxygen, e t c  .) of t h e  adsorba te  
p re sen t  on t h e  s u r f a c e .  Th i s  is not  n e c e s s a r i l y  t h e  same a s  the  
s to ich iometry  of any s i n g l e  sur f  ace s p e c i e s .  

Stoichiometry of an  ad-species  - The r e l a t i v e  amounts of t h e  
e lements  p re sen t  i n  any p a r t i c u l a r  ad-species .  Th i s  does not  revea l  
t he  a c t u a l  number of atoms of each element i n  each s p e c i e s .  

Composition of an ad-species  - The number of atoms of each 
element present  in t he  ad-species ,  o t h e r  than  those  of t h e  adsorbent .  
This  may be represented  a s  a chemical formula.  

and the na tu re  of  t h e  va lences  between each  atom of the  ad-species 
and the  na tu re  of each valence between t h e  ad-species and t h e  sur -  
f a c e .  The "gross" s t r u c t u r e  permi ts  us  to  draw a q u a l i t a t i v e  

S t ruc tu re  of an ad-species  - This  inc ludes  i t s  composition 
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diagram showing t h e  bond o r i e n t a t i o n  of t h e  atoms of t he  ad-species 
to  each  o t h e r  and t o  t h e  s u r f a c e .  For a heterogeneous su r face ,  w e  
m u s t  expect  t h a t  for each  "gross" structure, t h e r e  w i l l  be a number 
( o r  perhaps a continuum) of " f ine"  structures. The f i n e  s t r u c t u r e  
inc ludes  informat ion  on bond l eng th ,  bond s t r e n g t h ,  etc. 

t h e  s t r u c t u r e  of t h e  i n d i v i d u a l  ad-species ,  and on t h e  s t r u c t u r e  of 
t h e  adsorbent  s u r f  ace. 

S t ruc tu re  of t h e  ad-layer  - This  inc ludes  a l l  information on 

As an example of t h e  a p p l i c a t i o n  of t h e  above terminology, we 
may desc r ibe  the  s t r u c t u r e  of t h e  CO ad-layer  on P t ,  suggested by 
Eischens and Pl i sken  (11 ) .  The s to ich iometry  of t he  ad-layer ,  and 
t h e  s to ich iometry  and composi t ion of each ad-species  corresponds to 
t h e  formula CO. I t  has  been suggested t h a t  t h e  s t r u c t u r e  of one CO 
ad-species  ( l i n e a r )  i nvo lves  a bond from carbon t o  oxygen and a bond 
from carbon t o  one s u r f a c e  s i t e .  The s t r u c t u r e  f o r  a second ad-spe- 
cies (bridged) involves  a bond from carbon t o  oxygen and from carbon 
m w o  su r face  sites. This  r e p r e s e n t s  only g r o s s  s t r u c t u r e  s i n c e  the  
v a r i a t i o n s  i n  bond l e n g t h  and s t r e n g t h  on v a E  s i tes  of t h e  hetero-  
geneous s u r f a c e  have n o t  been taken i n t o  account .  The gross s t r u c t u r e  
t h e  ad-layer i nc ludes  a c e r t a i n  propor t ion  of t h e  bridged and l i n e a r  
s u r f  ace s p e c i e s .  

I 
I 

B. Adsorption (1.a .s . )  Traces f o r  CO. 

Resul t s  ob ta ined  f o r  CO are h e l p f u l  i n  demonstrat ing the  
e f f e c t  of changing s u r f a c e  coverage on t h e  c h a r a c t e r i s t i c s  of t h e  

see t h a t  as t h e  s u r f a c e  coverage (charge)  wi th  CO inc reases  during 
adso rp t ion ,  t h e  shape of t h e  t r a c e  changes and t h e r e  is a marked 
s h i f t  of i n i t i a l  o x i d a t i o n  t o  t h e  r i g h t  on t h e  p o t e n t i a l  a x i s .  Such F 

a s h i f t  could occur  f o r  a v a r i e t y  of reasons .  For  CO, i t  has been 
suggested t h a t  t h i s  is because t h e  r e a c t i o n  mechanism involves  su r -  
f a c e  s i t e s  not  occupied wi th  CO (" reac tan t -pa i r"  mechanism, r e f .  12 ) .  
According t o  t h i s  exp lana t ion ,  t h e  s h i f t  is not  caused by a change in 
g r o s s  s t r u c t u r e  of t h e  ad-species. The impo*t po in t  to be made 
here  is t h a t  any a t tempt  t o  i d e n t i f y  an unknown s u r f a c e  spec ie s  as 
CO on t h e  b a s i s  of t h e  adso rp t ion  t r a c e ,  would be misleading un le s s  
comparison were made a t  (approximately) equa l  s u r f a c e  coverages.  
Since t h e  adsorp t ion  trace is a highly complex r ep resen ta t ion  of t he  
e lec t rochemica l  r e a c t i v i t y ,  it is important t h a t  a l l  o t h e r  cond i t ions  
(sweep speed,  temp., s u r f a c e  p repa ra t ion )  a l s o  be he ld  cons t an t .  
These p r i n c i p l e s  w i l l  be  used i n  a t tempt ing  t o  a r r i v e  a t  t h e  struc- 
t u r e  of t h e  hydrocarbon s u r f a c e  s p e c i e s ,  below. 

adso rp t ion  t r a c e  of a r e l a t i v e l y  s imple adsorba te .  From F ig .  9a ,  we I 

In t h e  traces of F ig .  9b, t h e  s u r f a c e  is i n i t i a l l y  covered wi th  
a monolayer of CO, and t h e  coverage is progress ive ly  decreased by 
ox ida t ion  at 1.0 v. W e  see t h a t  t he  traces tend t o  s h i f t  back t o  
t h e  l e f t  on t h e  p o t e n t i a l  a x i s ,  and when comparison is made a t  equal  
va lues  of t h e  surface-coverage,  t hese  t r a c e s  a r e  almost . i d e n t i c a l  
wi th  t h e  t r a c e s  obta ined  dur ing  adsorp t ion  (F ig .  9 a ) .  Small var ia -  
t i o n s  may be due t o  corresponding v a r i a t i o n s  i n  t h e  f i n e  s t r u c t u r e  
of t h e  ad-layer .  This  serves as f a i r  evidence t h a t  t h e  g ross  struc- 
t u r e  and i n  p a r t i c u l a r ,  t he  composition of t he  ad-species does not  
change a t  high p o t e n t i a l s  for t h i s  s imple adsorba te .  
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c .  Adsorption Traces  a t  0 . 2  v. < U <_ 0.4 v .  f o r  Ethylene and 
Acetylene i n  Pe rch lo r i c  Acid (30°C). 

Fig.  2a p r e s e n t s  1.a.s. t r a c e s  (v = 10 v./sec.) ob ta ined  dur- 
i ng  adsorp t ion  a t  U = 0.4  v . ,  of e thy lene  from p e r c h l o r i c  acid a t  
30°C. We s e e  t h a t  a s i n g l e  broad wave w a s  obtained,  which s h i f t s  
t o  the r i g h t  on the  p o t e n t i a l  a x i s  w i th  inc reas ing  s u r f a c e  coverage 
( cha rge ) .  The s h i f t  is not as marked as f o r  CO ( s e e  F ig .  9) .  Ad- 
s o r p t i o n  a t  t h e  concen t r a t ion  of adsorbate  used i n  F i g .  2a w a s  
complete wi th in  25 sec. The trace f o r  f u l l  coverage remained i d e n t i -  
cal  for up t o  1000 s e c . ,  e s t a b l i s h i n g  constancy of t h e  s t r u c t u r e  of 
t h e  ad-layer over  t h i s  per iod  of t i m e  and at  a p o t e n t i a l o f  0 . 4  v. 
S imi l a r  traces were obta ined  f o r  t h i s  concen t r a t ion  a t  a sweep speed 
of v = 100 v . / s e c .  These traces were then compared wi th  those ob- 
t a ined  us ing  a ten- fo ld  more concent ra ted  s o l u t i o n  f o r  which f u l l  
coverage is achieved wi th in  approximately 500 msec. The t r a c e s  f o r  
i d e n t i c a l  s u r f a c e  coverage but d i f f e r e n t  adso rp t ion  t i m e s  could be 
e x a c t l y  superimposed. On the  b a s i s  of t hese  experiments one may 
conclude t h a t  over t h e  e n t i r e  range of s u r f a c e  coverages the s t r u c -  
t u r e  of the ad- layer  remains cons t an t  from the  f rac t iona l -second t o  
t h e  1000 second range. Comparison of t r a c e s  obta ined  a t  10 v./sec.  
f o r  U = 0 . 2 ,  0.3 and 0.4 v .  r e v e a l  t h a t  t h e  same s t a t emen t  may be 
made f o r  each of t hese  t h r e e  p o t e n t i a l s .  

Traces for adsorbed ace ty l ene  appear i n  F i g .  2B. The dashed 
t r a c e s  a l low comparison of each trace wi th  t h a t  of e thy lene  a t  a 
value of QENE = QA ( t o  wi th in  1%). 
traces are almost i d e n t i c a l .  We t e n t a t i v e l y  conclude t h a t  the 
s t r u c t u r e  of t h e  ad-species is the  same for both  adsorbates .  The 
s l i g h t  d i f f e r e n c e  i n  t he  traces is asc r ibed  t o  d i f f e r e n c e s  i n  f i n e  
s t r u c t u r e  of t he  ad-layer (perhaps a d i f P e r e n t  d i s t r i b u t i o n  of 
species on t h e  s u r f a c e ) .  Study of the traces r e v e a l s  cons t an t  
s t r u c t u r e  of t h e  ad-layer over the same t i m e  and p o t e n t i a l  i n t e r v a l  
as for e thy lene .  

We see t h a t  t he  comparable 

D. Adsorption Traces f o r  Ethylene and Acetylene at U 2 0.5 v .  
i n  Pe rch lo r i c  Acid (30°C). 

Fig .  5a and 5b presen t  1 . a . s .  traces f o r  e thy lene  and 
acetylene r e s p e c t i v e l y  f o r  va lues  of U from 0 .3  t o  0 . 8  v.  Traces 2 
and 3 of each f i g u r e  are inc luded  t o  emphasize t h a t  t h e  adsorp t ion  
of l e s s  material at  0.3 v. is r e f l e c t e d  i n  a s h i f t  of t he  t r a c e  t o  
the  lef t  on t he  p o t e n t i a l  axis. Traces 4 and 5 of each  f i g u r e  
r e p r z t  lower va lues  of surface coverage (charge) than t r a c e  3, 
but  t hese  traces l i e  to t h e  r i g h t  of trace 3.  This  s h i f t  t o  t h e  
r i g h t  is c l e a r  i n d i c a t i o n  t h a t  t he  s t r u c t u r e  of the ad- layer  is 
d i f f e r e n t  a t  the  h igher  p o t e n t i a l s .  T h i s  change is f i r s t  (barely)  
d i s c e r n i b l e  a t  0.5 v .  One could argue t h a t  t h i s  r e p r e s e n t s  only 
d i f f e r e n c e s  i n  t h e  f i n e  s t r u c t u r e  of t h e  ad-layer.  For example, t h e  
composition of t h e  ad-layer might be t h e  same as a t  lower p o t e n t i a l s ,  
b u t  only s i t e s  involving r e l a t i v e  i n a c t i v i t y  (toward e l ec t rochemica l  
ox ida t ion )  of the  ad-layer might be covered. For CO, w e  have seen  
t h a t  there is no such marked change i n  r e a c t i v i t y  of t h e  ad-layer as 
w e  approach a g iven  s u r f a c e  coverage a l t e r n a t i v e l y  f r o m  zero coverage 
a t  low p o t e n t i a l ,  or from f u l l  coverage a t  high p o t e n t i a l .  By 
analogy, w e  conclude t h a t  t he  marked s h i f t s  i n  t h e  traces of F i g .  3 
correspond t o  g r o s s  changes i n  s t r u c t u r e ;  namely, t o  changes i n  the 
composition of t he  ad-species.  Hydrogen codepos i t i on  measurements 
suppor t  t h i s  view (5). One p o s s i b i l i t y  is t h a t  de-hydrogenation of 
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t h e  s u r f a c e  s p e c i e s  leads t o  a s to ich iometry  approaching t h a t  of ca r -  
bon. T h i s  choice is made t e n t a t i v e l y ,  based on t he  observa t ion  t h a t  
a l l  oxygen-containing carbon compounds examined t o  d a t e  show higher 
r e a c t i v i t y  than t h a t  sugges ted  by t r a c e s  4 and 5 of F ig .  3. 

( 

E. I n fe rences  from t h e  R e s u l t s  of Measurement of Kinetic= 
Adsorption of Ethylene  and Acety lene .  

Thus far, t h e  evidence sugges t s  t h a t  i d e n t i c a l  ad-species 
are obta ined  upon adsorb ing  e i t h e r  e thy lene  o r  ace ty l ene  a t  poten- 
t i a l s  below 0.5 v. The s i m p l e s t  p o s s i b i l i t y  f o r  the s to ich iometry  
of the ad-layer is t h e r e f o r e  CH. Exce l len t  agreement with d i f f u s i o n  
theory was shown ( i n  a p rev ious  s e c t i o n )  i f  w e  assumed t h a t  10 
electrons are requ i r ed  f o r  t h e  ox ida t ion-desorp t ion  of one mole of 
e i t h e r  adsorbate .  This  is p r e c i s e l y  the e l e c t r o n  requirement for 
conversion of t h e  a d s o r b a t e s  t o  C02 and water through s u r f a c e  i n t e r -  
mediates of CH s to i ch iomet ry .  Since the  s o l u b i l i t y  and d i f f u s i o n  
c o e f f i c i e n t s  could not  be expected t o  be r e l i a b l e  t o  more than 2@%, 
somewhat sma l l e r  r a t i o s  of hydrogen t o  carbon are a l s o  c o n s i s t e n t  
wi th  the  k i n e t i c  o b s e r v a t i o n s .  These obse rva t ions  f a i r l y  con- 
c l u s i v e l y  r u l e  ou t  t h e  presence of any oxygen i n  t h e  ad-species ( U C O . ~ ~ . ) ,  / 
however, s i n c e  t h i s  would d r a s t i c a l l y  change the  value of "n". 

I 

, 

The composition of t h e  ad-species obta ined  a t  l o w  p o t e n t i a l  is 
suggested by r e s u l t s  ob ta ined  by Niedrach (13 ) .  He found t h a t  
hydrogenation-desorption of an adsorbed ethylene l a y e r  y ie lded  pre- 
dominately ethane,  a rguing  f o r  the conse rva t ion  of t h e  carbon-carbon 
bond. Hence a t  low p o t e n t i a l s  and tempera tures  w e  conclude t h a t  the 
ad-spec ies  have t h e  composition C2H2. 
t e n t a t i v e l y  conclude t h e  formation of s p e c i e s  of composition C2H and 

A t  h ighe r  p o t e n t i a l s  w e  

F .  S t r u c t u r e  of Ethylene Adsorbed a t  Temperatures Above 30°C. 

The adso rp t ion  traces obtained a t  60°C i n  pe rch lo r i c  acid 
were similar to those  ob ta ined  a t  30°C, wi th  a s l i g h t  s h i f t  of the  
traces to t h e  l e f t  on the p o t e n t i a l  axis. A s  be fo re ,  only one broad 
wave was apparent .  
8 sec. i n  a s o l u t i o n  s a t u r a t e d  w i t h '  a g a s  mixture of 1.08% ethylene- 
98.9% argon, y i e lded  a va lue  2% higher  than t h e  corresponding value 
a t  3OoC.  This  is a reasonab le  r e s u l t  i f  we assume diffusion-con- 
t r o l l e d  adso rp t ion (as  a t  t h e  lower temperature) and an  inc rease  i n  
t h e  d i f f u s i o n  c o e f f i c i e n t  of about 40$. Hence we conclude t h a t  the 
s t r u c t u r e  t f  the a$-species and the mechanism of adso rp t ion  is the 
same a t  60 and 30 i n  p e r c h l o r i c  a c i d .  

Measurement of QWE a f t e r  an adso rp t ion  t i m e  Of 

F o r  e thylene in phosphoric acid a t  120"C, the adso rp t ion  traces 
(Fig.  4) are cons ide rab ly  d i f f e r e n t  than i n  p e r c h l o r i c  ac id .  N o t  
on ly  does o x i d a t i o n  of t h e  ad-layer begin a t  lower p o t e n t i a l s ,  but 
an i n f l e c t i o n  appears  i n  each t r a c e ,  sugges t ing  two overlapping Waves. 
Th i s  may be symptomatic of t he  formation of s p e c i e s  con ta in ing  a 
s i n g l e  carbon atom fo l lowing  r u p t u r e  of t h e  carbon-carbon bond. The 
values  of BENE obta ined  under these cond i t ions  do not have l i n e a r  
dependence on T1/2 and t h e  adso rp t ion  is t h e r e f o r e  r e l a t i v e l y  slow 
(compared wi th  d i f f u s i o n )  . Whereas the  inc reased  r e a c t i v i t y  of the 
ad- layer  is r e a d i l y  a s c r i b e d  t o  the  e f f e c t  of increased  temperature,  
t h e  exp lana t ion  f o r  t he  slow k i n e t i c s  of adsorp t ion  is not obvious. 
One p o s s i b i l i t y  is t h a t  t h e  su r face  s p e c i e s  formed a t  t h i s  higher  
temperature tend t o  e x e r t  long-range ("poison") e f f e c t s  on t h e  su r face .  
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Another p o s s i b i l i t y  is t h a t  adsorbed phosphate ions  (14) in f luence  
the  k i n e t i c s  of adsorpt ion.  

G .  S t r u c t u r e  of Adsorbed Ethane. 

Adsorption t r a c e s  f o r  e thane at 60°C i n  p e r c h l o r i c  ac id  
appear i n  F i g .  11. A s  p rev ious ly  (4) i nd ica t ed ,  each t r a c e  c o n s i s t s  
of a peak lying a t  r e l a t i v e l y  low p o t e n t i a l s  and of a broad m a x i m u m  
which ex tends  from about 0 . 8  v .  t o  oxygen evo lu t ion  p o t e n t i a l s  ( a t  
v = 10 v . / s ec . )  . The first peak is l a r g e l y  r e t a i n e d  upon appl ica-  
t i o n  of p o t e n t i a l s  approaching 0 v .  Niedrach (15) has suggested 
t h a t  t h e  f i r s t  peak corresponds t o  C - 1 s p e c i e s .  The broad m a x i m u m  
is removed by hydrogenation-desorption and i t  has a l r eady  been 
suggested t h a t  t h i s  s p e c i e s  has C2H2 composition on t h e  b a s i s  of 
o t h e r  evidence ( 4 ) .  T h i s  work tends t o  confirm t h a t  conclus ion  f o r  
p o t e n t i a l s  i n  t h e  range 0.2 - 0 . 4  v .  Since t h e  evidence sugges t s  
t h a t  t h e  C2H2 s p e c i e s  conver t  (poss ib ly  f u r t h e r  dehydrogenate) a t  
h igher  p o t e n t i a l s ,  t h i s  must a l s o  be t r u e  for t he  e thane  system. 

11. Dependence of Surface Coverage On Concentration, P o t e n t i a l  and 
Temperature f o r  Ethylene and Acetylene. 

A .  S ign i f i cance  of Q E ~  and Q A .  

In perch lo r i c  a c i d ,  i n  t he  p o t e n t i a l  range 0 .2  t o  0 . 4  v . ,  
t h e  r e s u l t s  sngges t  t h a t  t he  charges QENE and QA correspond t o  the, 
convers ion  of s u r f a c e  s p e c i e s  of t h e  composition C2H2 to C02 and 
H2O. Hence w e  may w r i t e :  

where %NE is t h e  concen t r a t ion  of t h e  ad-species i n  m o l e s / c m 2 ,  i f  
QENE is 'expressed i n  coul./cm2 (of geometric a r e a ) .  Conversion to, 
a t r u e  area" b a s i s  may be made by d i v i d i n g  by the  es t imated  s u r f a c e  
R . F .  of 1 . 4 .  A similar express ion  may be w r i t t e n  f o r  ace ty l ene .  

The f r a c t i o n a l  s u r f a c e  coverage w i t h  an adsorbate  is commonly 
def ined  in terms of the experimental  m a x i m u m  value (al though vacant 
s i t e s  may s t i l l  e x i s t ) .  In terms of charge,  w e  may w r i t e :  

where Q E N E ( ~ = . )  is the  l a r g e s t  p l a t eau  v a l u e  observed on t h e  charge- 
p o t e n t i a l  p l o t s .  A s imilar  express ion  may be w r i t t e n  f o r  ace ty l ene .  

Since w e  suspec t  dehydrogenation of t h e  ad-species a t  p o t e n t i a l s  
above 0.4 v . ,  t he  value of n of equat ion  (6) may drop from 10 t o  a 
minimum of 8 .  T h i s  c a n  in t roduce  an e r r o r  of no more than  20% i n  the  
e s t i m a t i o n  of e i t h e r  abso lu t e  or f r a c t i o n a l  surface coverage. 

"Saturat ion" su r f  ace coverage ( p e r c h l o r i c  a c i d ,  30°C) f o r  
e thy lene  and a c e t  lene adso rba te s  corresponds t o  va lues  of 
QENE = 0.64 x coul./cm2 and QA = 0.73 x coul./cm2. These 
charges  a r e  

mole/cm2 (geometric a rea )  or 5.4 x 10-'6u~ole/cm ( " t rue"  a r e a ) .  From 
hydrogen codepos i t ion  experiments (5) only 75% of the  hydrogen s i tes  
are obscured by C2H2 at  f u l l  coverage us ing  e thy lene  as adsorbate ,  

u i v a l e n t  80 rENE = 6.6 x mole/cm2 (geometric a r e a  
or 4 . 7  x 10-"9O mole/cm (hydrogen or " 'I area4 and r A  = 7.6 x 10 -10 
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and 85% of t h e  s i t e s  are obscured us ing  acetylene as adso rba te .  

B. E f f e c t  of P o t e n t i a l  on the Surface Coverage f o r  Ethylene 
and Acetylene. 

From F i g .  7, w e  see t h a t  f o r  bo th  e thy lene  and ace ty l ene ,  
t h e  s u r f a c e  coverage L cons tan t  over t h e  p o t e n t i a l  range 0.2 t o  
0.4 v. For p o t e n t i a l s  below 0.2 v . ,  t he  s u r f a c e  coverage drops o f f  
s h a r p l y .  Burke e t  a l .  (16,171 have shown t h a t  t he  hydrogenation of 
e thy lene  and a c e t y l e n e  are d i f f u s i o n  c o n t r o l l e d ,  and not  q u i t e  
d i f f u s i o n  c o n t r o l l e d ,  r e s p e c t i v e l y ,  a t  0 v .  I t  is t h e  hydrogenation 
p rocess ,  opposing t h e  adso rp t ion  process ,  which causes  t h e  s u r f a c e  
coverage t o  drop o f f  a t  t h e  low p o t e n t i a l s .  For both acetylene and 
e t h y l e n e ,  w e  n o t e  t ha t  d i f f e r e n t  coverages a r e  measured a t  a given 
p o t e n t i a l ,  depending on whether t h e  experiment is begun w i t h  zero 
(TD = 0 )  or f u l l  s u r f a c e  (TD = 100 s e c . )  coverage. The average 
va lue  f o r  each of t he  p o t e n t i a l s  probably approximates an e q u i l i -  
brium v a l u e .  

The s u r f a c e  coverages  obta ined  € o r  e thy lene  and ace ty l ene  a t  
p o t e n t i a l s  below 0.2 v. are no t i ceab ly  d i f f e r e n t .  This seems an 
anomaly i f  one a c c e p t s  the conclusion that  t h e  composition of t he  
ad-species is i d e n t i c a l  f o r  both adso rba te s .  An exp lana t ion  of 
t h i s  behavior is p resen ted  below. 

Let u s  assume t h a t  adso rp t ion  must precede hydrogenation (in 
t h e  l i m i t ,  t h e  s u r f a c e  coverage may be almost ze ro ,  however). For 
a c e t y l e n e ,  t h e  composition of t he  ad-species is t h e  same as t h a t  of 
t h e  adsorbate .  A t  p o t e n t i a l s  below 0.2 v . ,  t h e r e  w i l l  be  two 
competing r e a c t i o n s ,  i .e . ,  the adso rp t ion  of C2H2 and the hydrogena- 
t i o n  of s u r f a c e  C2H2. Both rates may be expected t o  be a func t ion  of 
s u r f a c e  coverage and of p o t e n t i a l .  S t a r t i n g  wi th  e i t h e r  the f u l l y -  
covered, or uncovered s u r f a c e ,  the s y s t e m  w i l l  a t tempt  t o  reach e q u i l i  
brium a t  a value of t h e  s u r f a c e  coverage a t  which the  two rate's are 
equa l .  I f  t h e  r a t e s  i n  ques t ion  are complex f u n c t i o n s  of t he  su r face  
coverage, and of t h e  concen t r a t ion  o f  d i s so lved  ace ty l ene ,  e q u i l i -  
brium may be a t t a i n e d  r a t h e r  s lowly,  as seems t o  be t h e  case. 

For e thy lene  a t  p o t e n t i a l s  below 0.2 v . ,  w e  might expect the 
o p e r a t i o n  of t h r e e  k i n e t i c  processes ,  i . e . ,  adso rp t ion  of e thylene 
t o  y i e l d  C2H2 s u r f a c e  s p e c i e s ,  hydrogenation of adsorbed C2H2 t o  
y i e l d  e thane  and ( u n l i k e  t h e  s i t u a t i o n  f o r  ace ty l ene  adso rp t ion ) ,  
t h e  hydrogenation of C2Hq (p re sen t  at  c l o s e  t o  zero concen t r a t ion  on 
t h e  s u r f a c e )  t o  y i e l d  e thane .  Only the second process  is held i n  
common wi th  the a c e t y l e n e  adsorba te  system, hence one would expect 
t o  a r r i v e  at d i f f e r e n t  equ i l ib r ium coverages f o r  t h e  two sys tems.  

The lower va lues  of s u r f a c e  coverage obta ined  (below 0.2 v.)  
f o r  e thy lene  as compared wi th  acetylene can be a consequence of a 
s lower  adso rp t ion  s t e p ,  or of an  apprec iab ly  l a r g e r  rate f o r  t h e  
r educ t ion  of t h e  C2H4 s p e c i e s .  Since the  o v e r - a l l  r a t e  of formation 
of e thane  from e t h y l e n e  is large- than f o r  acetylene (14,151 t h e  la t ter  
c o n d i t i o n  must be f u l f i l l e d .  This  is a l s o  an i n t u i t i v e  conclusion,  
if w e  accept  t h e  conc lus ion  t h a t  t h e  dehydrogenation of C2H4 t o  
C2H2 on t h e  s u r f a c e  is a spontaneous process  throughout t h e  p o t e n t i a l  
range s t u d i e d .  

I n  the  reg ion  of t h e  f l a t  p l a t eau  f o r  e thy lene  and acetylene 
( P i g .  8 )  w e  see t h a t  t h e  s u r f a c e  coverage f o r  ace ty l ene  adsorbate 
exceeds t h a t  f o r  t h e  e thy lene  adsorba te  by approximately 10%. 
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Hydrogen co-deposi t ion experiments (5) r e v e a l  t h a t  on ly  approximately 
85% of the  t o t a l  (hydrogen) s i t e s  a r e  covered even fo r  t h e  ace ty lene  
system. Since adsorp t ion  of e thylene  r e q u i r e s  a dehydrogenation on 
t h e  s u r f a c e  ( t o  C2H2) i t  seems reasonable  to  conclude t h a t  t h e  s u r f a c e  
might be s t e r i c a l l y  blocked a t  lower va lues  of t h e  s u r f a c e  coverage 
than f o r  acetylene,  f o r  which s y s t e m  no surface dehydrogenation is 
necessary.  

A t  p o t e n t i a l s  above 0 . 4  the  s u r f a c e  coverage drops o f f  with 
increas ing  p o t e n t i a l  f o r  bo th  ace ty lene  and e thane .  Both of these 
adsorba tes  undergo o x i d a t i o n  a t  t h e s e  p o t e n t i a l s .  One might argue 
t h a t  f u l l  coverage should y e t  be a t t a i n e d  u n l e s s  t h e  o x i d a t i o n  pro- 
cess were d i f f u s i o n - c o n t r o l l e d ,  because only then would i t  exceed 
t h e  r a t e  of adsorp t ion .  However, t h e  ra te  of adsorp t ion  is only 
r a p i d  a t  p o t e n t i a l s  w i t h i n  the range 0.2 - 0 .4  v . ,  where t h e  ad- 
s p e c i e s  are of cons tan t  composition. A t  p o t e n t i a l s  above 0.4 ,  w e  
have a l ready  seen  evidence t h a t  t h e  ad-species change composition. 
Resul t s  of measurement of rates of re -adsorp t ion  (5) sugges t  t h a t  as 
t h e  p o t e n t i a l  i n c r e a s e s ,  almost a combined monolayer of t h e  hydrogen- 
poor s p e c i e s  and s u r f a c e  oxygen r e s u l t s ,  wi th  the l a t t e r  c o n t r i b u t i o n  
increas ing  with p o t e n t i a l .  Tlie rate of adsorp t ion  from t h e  point  of 
incomplete coverage t o  f u l l  coverage is r e l a t i v e l y  s low.  Since the  
ra te  of re-adsorpt ion may be expected t o  depend a l s o  on t h e  concen- 
t r a t i o n  of t h e  adsorba te ,  w e  f i n d  the concentration-dependencies o f  
F i g .  6. 

C .  E f f e c t  of Concentrat ion of t h e  Adsorbate On Surface  Coverage. 

For e thylene ,  t h e  e f f e c t  of concent ra t ion  on BENE (and hence 
on the s u r f a c e  coverage) is presented ( p e r c h l o r i c  acid a t  30°C) in F i g .  
6. In  the ( p o t e n t i a l )  reg ion  of maximum QENE, we see t h a t  there  is 
no methodical i n c r e a s e  i n  s u r f a c e  coverage with concent ra t ion ,  of 
the  type g e n e r a l l y  a s s o c i a t e d  wi th  t h e  adsorp t ion  isotherms of 
systems e x h i b i t i n g  thermodynamically r e v e r s i b l e  adsorp t ion .  The rnax- 
imum s u r f a c e  coverage is taken as e s s e n t i a l l y  cons tan t  over  the  range 
of p a r t i a l  p ressures  covered. The average maximum value  of Q NE is 
0 . 6 2  mcoul./cm2, with an average d e v i a t i o n  of f 0.02 mcoul/cm~, o r  
f 3% average d e v i a t i o n .  The occurrence of f u l l  ( e f f e c t i v e l y ,  s i n c e  
a l l  adsorp t ion  s i tes  are not  n e c e s s a r i l y  covered) coverage at  low 
p a r t i a l  p ressures  of adsorba te  is not uncorpon f o r  systems which 
possess  a high heat of adsorp t ion .  

In t h e  P o t e n t i a l  range above 0 . 4  v . ,  w e  see cons iderable  e f f e c t  
of concent ra t ion  on the s u r f a c e  coverage. The s u r f a c e  coverage a t  
s t e a d y - s t a t e  (assuming t h a t  such  a s ta te  e x i s t s  i n  p r a c t i c e  f o r  an 
ad-layer which may undergo continuous change i n  s t r u c t u r e  with time) 
would correspond t o  the  value a t  which t h e  rates of adsorp t ion  and 
of ox ida t ion  are i n  balance.  Both of these  rates may be complex func- 
t i o n s  of s u r f a c e  coverage, bu t  t h e  r a t e  of adsorp t ion  m u s t  a l s o  be a 
func t ion  of concent ra t ion  of d i sso lved  adsorba te .  Hence i t  is p a r t i c u -  
l a r l y  t h e  rate of adsorp t ion  which must decrease w i t h  decreas ing  con- 
c e n t r a t i o n  of adsorbate ,  and t h e  s u r f a c e  coverage f a l l s .  I t  must be 
borne i n  mind, t h a t  i n  t h e  range of p o t e n t i a l s  above 0 . 4  v . ,  w e  a r e  
not  dea l ing  w i t h  d i f f u s i o n - c o n t r o l l e d  rates of adsorp t ion ,  as a t  
lower p o t e n t i a l s ,  s i n c e  t h e  s t r u c t u r e  of t h e  ad-layer is more com- 
p lex .  
t i o n ) t h a t  maintains  a f l a t  m a x i m u m  over  a wide range of p o t e n t i a l s  
f o r  t h e  m o s t  c o n c e n t r a t r a t e d  adsorbate  of F i g .  6, when t h e  experiment 
is begun w i t h  f u l l  coverage. The s l o w  approach toward equi l ibr ium 

I t  is probably the  high r a t e  of adsorp t ion  ( r e l a t i v e t o  oxida- 
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is f u r t h e r  argument a g a i n s t  t h e  shape of the s u r f a c e  coverage-poten- 
t i a l  p l o t ' s  being determined by e s s e n t i a l l y  e l e c t r o s t a t i c  f o r c e s .  

D. E f f e c t  of Temperature On Surface Coverage. 

F i g .  8 r e v e a l s  t h a t  a t  60° ,  t h e  max imum s u r f a c e  coverage 
achieved f o r  e thy lene  is 5% higher  than a t  30'C. 
adso rp t ion  sites are no t  f u l l y  occupied. One way i n  which t h e  tempera- 
t u r e  may inc rease  " f u l l "  coverage is t o  inc rease  the mobi l i ty  of t h e  
ad-layer ,  pe rmi t t i ng  c l o s e r  packing of t h e  ad-species.  

I t  h a s  a l ready been noted t h a t  a t  120°C and i n  phosphoric ac id ,  
t h e  k i n e t i c s  of adso rp t ion  and the  compositio of the ad-layer a r e  
complex. Values of BENE up t o  0 .83 mcoul./cm8 could be measured 
( a d s o r p t i o n  f o r  100 s e c . ) .  I f  w e  assumed C2H2 composition of t he  
ad-layer ,  t h i s  would be e q u i v a l e n t  to  95% of f u l l  coverage (on b a s i s  
of a v a i l a b l e  hydrogen s i t e s ) .  I t  is not u n l i k e l y  t h a t  t he  l a rge  
value of charge a c t u a l l y  corresponds t o  c l o s e  packing of cons iderable  
C - 1  s p e c i e s .  

I n  e i t h e r  case, a l l  

E. Comparison wi th  t h e  R e s u l t s  of Tracer  S tud ie s .  

The adso rp t ion  of e thy lene  on p l a t i n i z e d  platinum (1 N 
s u l f u r i c  a c i d ,  30 and 8OoC) has been i n v e s t i g a t e d  by J . O ' M .  Bockris 
e t  a l .  ( 1 8 ) ,  using tracer techniques.  The r e s u l t s  of t h i s  work 
d i s a g r e e  w i t h  those of o u r  predecessors  i n  s e v e r a l  ways .  An attempt 
t o  r e c o n c i l e  t h i s  disagreement appears below, on the  b a s i s  t h a t  t he  
only  s i g n i f i c a n t  d i f f e r e n c e  between t h e  two s y s t e m s  is the s u r f a c e  
r,oughness. Bockris (18) observes  only a gradual  i nc rease  of s u r  ace 
coverage w i t h  c o n c e n t r a t i o n  from approximately t o  1 .5  x 10- 
mole/ l .  bulk c o n c e n t r a t i o n  of e t h y l e n e ,  wi th  f u l l  coverage achieved 
a t  t h e  h igher  c o n c e n t r a t i o n .  I n  t h i s  work w e  a t t a i n e d  f u l l  coverage 
a t  a concen t r a t ion  of 3 x 10-7 mole/ l .  ( 1 .3  x Atmos.) . In our 
exper iments ,  t he  adso rp t ion  w a s  t r anspor t - con t ro l l ed  and required 
approximately 200 s e c .  f o r  completion i n  a w e l l - s t i r r e d  s o l u t i o n  
(3 x lo-' M./ l . ) .  
t i o n  would r e q u i r e  20 sec. f o r  ou r  s y s t e m .  For a p l a t i n i z e d  e l ec -  
t r o d e  wi th  a R.F. of 100, a s  used by our predecessors ,  an e q u i l i -  
b r a t i o n  time of 2000 sec. ,  or approximately 30 minutes would be re-  
q u i r e d .  I t  is p o s s i b l e  t h a t  such  time d u r a t i o n s  were not allowed 
r o u t i n e l y .  A second p o s s i b i l i t y  is t h a t  t h e  100 f o l d  g r e a t e r  r a t e s  
of ox ida t ion  (on b a s i s  of geometric a rea )  and hydrogeqation-desorption 
encountered on t h e  p l a t i n i z e d  e l e c t r o d e ,  tend t o  r e s u l t  i n  p a r t i a l  
d i f f u s i o n  c o n t r o l  f o r  t h e s e  r e a c t i o n s  even a t  low p o t e n t i a l ,  f o r c i n g  
t h e  s u r f a c e  coverage down. 

2 

s 

By comparison, adsorp t ion  from a M . / 1 .  solu-  

Bockris e t  a l .  ( 1 8 ) ,  a l s o  found t h a t  maximum adsorp t ion  was 
a t t a i n e d  only a t  h ighe r  p o t e n t i a l s  than i n  t h i s  work. The decrease 
i n  s u r f a c e  coverage encountered i n  t h i s  work, as the p o t e n t i a l  is 
lowered t o  l e s s  than 0 . 2  v . ,  has been ascr ibed t o  the e f f e c t  of 
t he  opposing r a t e  of hydrogenation-desorption, which inc reases  a s  
t he  p o t e n t i a l  is lowered. For t h e  p l a t i n i z e d  s u r f a c e  t h i s  r a t e  
would be increased  100-fold a t  comparable p o t e n t i a l s .  Such an 
enhanced r a t e  might l ead  t o  s u f f i c i e n t  d e p l e t i o n  of t h e  adsorbate  
t o  d r i v e  the s u r f a c e  coverage down a t  approximately 0 . 3  v . ,  as 
found by Bockris .  
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111. Mechanism of the Electrochemical Oxidation of Hydrocarbons. 

The s t u d i e s  of adsorp t ion  r epor t ed  i n  t h i s  paper a r e  a necessary 
pre l iminary  t o  f u t u r e  d e t a i l e d  s tudy of t h e  mechanism and k i n e t i c s  
Of t h e  e lec t rochemica l  ox ida t ion  of the hydrocarbons. I t  is poss ib l e  
a t  t h i s  time, however, t o  draw some q u a l i t a t i v e  conclus ions  on 
mechanism, based on t h e  a v a i l a b l e  information.  

y i e l d s  a v a r i e t y  of s u r f a c e  in t e rmed ia t e s ,  may be expressed i n  terms 
of t h e  p a r t i a l  c u r r e n t s  f o r  each of “n” s u r f a c e  s p e c i e s :  

The  rate of continuous ox ida t ion  of any complex molecule which 

where ni = number of e l e c t r o n s  r equ i r ed  t o  conver t  
s p e c i e s  ”i” t o  the  next i d e n t i f i a b l e  
s u r f  ace s p e c i e s  

ki = appropr i a t e  rate cons t an t  
f i  = a func t ion  r e l a t i n g  the c u r r e n t  f o r  s p e c i e s  “i” 

t o  the s u r f a c e  coverage wi th  t h e  va r ious  s p e c i e s  
(assuming i n t e r a c t i o n )  

p o t e n t i a l  f o r  s p e c i e s  “i” 
gi = a func t ion  r e l a t i n g  the c u r r e n t  t o  t h e  appl ied 

Equation ( 8 )  a l s o  covers  the s i t u a t i o n  f o r  any r e a c t i o n  path re-  
q u i r i n g  an adsorbed in t e rmed ia t e ,  even i f  t he  e f f e c t i v e  concent ra t -  
t i o n  of t h a t  s p e c i e s  is vanish ingly  small. I n  a d d i t i o n  t h e r e  may be 
r ! m r l  

s t a t e  (Rideal-Eley a s  opposed t o  Langmuir-Hinshelwood mechanism, 
r e f .  19):  

r e a c t i o n  paths  involving t h e  i n i t i a l  r e a c t a n t  i n  the  non-adsorbed 

= n. F k h .  (e l ,  e 2 , .  .. .e2 j j (U) 
J J J  9) I j  

where the symbols have s i g n i f i c a n c e s  s i m i l a r  t o  those f o r  equat ion  
( 8 ) .  The t o t a l  c u r r e n t  may then be expressed as: 

m 
I =  i. 11 + c , _  Ij 

i 
i=l j =1 

Since e thy lene ,  acetylene and ethane a l l  hold one group of s u r f a c e  
s p e c i e s  i n  common, w e  may d i s c u s s  the q u a l i t a t i v e  dependence of t he  
corresponding p a r t i a l  c u r r e n t  on s u r f  ace coverage, bea r ing  i n  mind 
t h a t  t h i s  is a s m a l l  p a r t  of a much l a r g e r  problem a r e a .  

For t h e  p o t e n t i a l  range 0 .2  - 0 . 4  v .  i n  p e r c h l o r i c  a c i d ,  i t  
appears t h a t  w e  have t h e  common s u r f a c e  s p e c i e s  C2H2. The t r a c e s  
of F i g .  2 r evea l  t h a t  as the  s u r f a c e  coverage wi th  t h i s  s p e c i e s  
i n c r e a s e s ,  t h e  corresponding t r a c e  s h i f t s  t o  the  r i g h t  on the  
p o t e n t i a l  axis, o r  i n  o t h e r  words, t he  i n i t i a l  ox ida t ion  becomes 
i n c r e a s i n g l y  more hindered. One i n t e r p r e t a t i o n  is t h a t  t h e  elec- 
t r o n i c  c h a r a c t e r  of t h e  s u r f a c e  changes with s u r f a c e  coverage. A 
more t a n g i b l e  p o s s i b i l i t y  is t h a t  the t r a n s i t i o n  s ta te  f o r  oxida- 
t i o n  of the s u r f a c e  s p e c i e s ,  involves  s u r f a c e  s i tes  not blocked by 
t h e  hydrocarbon ( “ f r e e “  s i t e s ) .  
( s ee  F ig .  9) l ed  t o  t h e  sugges t ion  of a “ r e a c t a n t  p a i r ”  mechanism, 
involving ad jacen t  sorbed CO and water molecules (3). For the  
complicated C2H2structure t h e r e  are s e v e r a l  p l a u s i b l e  explana t ions  
for s i m i l a r  dependence of ox ida t ion  r a t e  upon Pree s i tes .  

The s i m i l a r  observa t ion  f o r  CO 

These 
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inc lude  t h e  requirement of ex t r a  s i t e s  f o r  t h e  r u p t u r e  of carbon- 
carbon and carbon-hydrogen bonds. Addit ional  information w i l l  be 
r e q u i r e d  before  a conclus ion  may be reached i n  t h i s  area. 

For t h e  p o t e n t i a l  range above 0 .4  v .  ( p e r c h l o r i c  a c i d ) ,  t h e  
1 .a .s .  traces of F i g .  5 r e v e a l  t h a t  t h e  ad-species formed a t  higher  
p o t e n t i a l s  undergo i n i t i a l  o x i d a t i o n  less r e a d i l y  than  does t h e  
C2H2 s u r f a c e  s p e c i e s .  On t h i s  b a s i s  i t  has a l r e a d y  been suggested 
t h a t  t h e  s t r u c t u r e  may be approaching C2 s to ich iometry  a t  t h e  high 
p o t e n t i a l s .  If t h i s  conclus ion  is correct, s s q u e n t i a l  dehydrogena- 
t i o n  is one of t h e  p o s s i b l e  p a t h s  f o r  t h e  oxida t ion  of  a l l  of t h e  
C - 2 hydrocarbons. I t  is appar??t ly  t h e  path of smallest s p e c i f i c  
ra te  f o r  e thane ,  f o r  which a low p o t e n t i a l  wave appears i n  t h e  
1 .a .s .  t r a c e  (F ig .  10) .  For e thane ,  i t  has been suggested t h a t  an 
adsorbed e t h y l  r a d i c a l  is t h e  common antecedent  of both r e a c t i o n  
p a t h s  ( 4 ) .  The more r e a c t i v e  p a t h  is be l ieved  to involve C - 1 
s p e c i e s  (15) .  

CONCLUS I ON S 

1. Under the  c o n d i t i o n s  of our  experiments,  t h e  adsorp t ion  of 
e t h y l e n e  and ace ty lene  from p e r c h l o r i c  a c i d  w a s  d i f f u s i o n - c o n t r o l l e d .  
The e a r l y  onset  of d i f f u s i o n  c o n t r o l  implies  very rapid adsorp t ion  
k i n e t i c s  (equiva len t  t o  a f i r s t  o r d e r  e lec t rochemica l  rate cons tan t  
of g r e a t e r  than 0 . 1  cm/sec.) a t  low s u r f a c e  coverages.  

2.  The r e s u l t s  of t h e  adsorp t ion  measurements suggest  t h a t  the  
composition of t h e  ad-species  f o r  bo th  e thylene  and ace ty lene  ad- 
s o r b a t e s  is i d e n t i c a l .  In p e r c h l o r i c  acid, a t  p o t e n t i a l s  of 0 . 4  v. 
o r  less, t h e  ad-species has  t h e  composition C2H2. A t  p o t e n t i a l s  
above 0 . 4  v . ,  t h e  ad- layer  becomes more r e f r a c t o r y ,  poss ib ly  be- 
cause  of f u r t h e r  de-hydrogenation of t h e  a c e t y l e n i c  s u r f a c e  s p e c i e s .  
There is no evidence fo r  conversion of t h e  C2H2 s p e c i e s  t o  more 
e a s i l y  oxidized "oxygenated" s p e c i e s  a t  moderate temperatures .  

3. I n  phosphoric a c i d  a t  120°C, the  k i n e t i c s  of adsorp t ion  of 
e t h y l e n e  fol lows a complex l a w .  The s t r u c t u r e  of the  ad-layer is 
a l s o  complex. I t  is p o s s i b l e  t h a t  both temperature and s p e c i f i c  
an ion  e f f e c t s  play a s i g n i f i c a n t  role i n  the  system. 

4 .  The adsorp t ion  of e thane  from p e r c h l o r i c  ac id  is s l o w ,  and 
y i e l d s  two c a t e g o r i e s  of s u r f a c e  species represented  as two "waves" 
on t h e  l i n e a r  anodic  sweep traces. Wave I is not  ( s i g n i f i c a n t l y )  
desorbed a t  low p o t e n t i a l s ,  and is comparatively e lec t rochemica l ly  
a c t i v e  (wi th  r e s p e c t  t o  o x i d a t i o n ) .  Wave I1 is r e a d i l y  desorbed a t  
low p o t e n t i a l s  and i s  i d e n t i c a l  with t h e  a c e t y l e n i c  s p e c i e s  obtained 
upon adsorbing e t h y l e n e  o r  ace ty lene .  A t  moderate temperatures ,  
wave I1 does not c o n v e r t  t o  I a t  any apprec iab le  rate and hence 
( i n  a sense)  a c t s  as an undes i red  res idue  as compared with wave I .  
The v a r i a t i o n ,  with p o t e n t i a l ,  of t h e  composition of the  ad-species 
r e p r e s e n t e d  by wave I1 is t h e  same a s  t h a t  r e p o r t e d  f o r  e thylene  or 
ace t y l e n e .  

5. F u l l  coverage of t h e  s u r f a c e  is obta ined  ( i n  p e r c h l o r i c  
a c i d )  a t  p a r t i a l  p r e s s u r e s  of e thylene  as low as atmospheres. 
The shape of the  surface-coverage-potent ia l  p l o t  f o r  bo th  e thylene  
and a c e t y l e n e  is c o n s i s t e n t  w i t h  a model such t h a t  t h e  s u r f a c e  
coverage is dr iven  down a t  t h e  low and high p o t e n t i a l  regions by 
r a t e s  of hydrogenation-desorption and of o x i d a t i o n ,  which oppose 
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t h e  rate of adsorp t ion .  In t h e  h igh-poten t ia l  reg ion ,  t h e  combined 
coverage of adsorp t ion  s i t e s  with multiply-bonded carbon s p e c i e s  
and with "oxygen" is high,  even though t h e  s r f a c e  concent ra t ion  of 
t h e  organic  s p e c i e s  appears l o w  on a Mole/cm' b a s i s .  The rate of 
adsorp t ion  of e t h y l e n e  or ace ty lene  on a s u r f a c e  p a r t i a l l y  covered 
with t h e  h igh-poten t ia l  carbon s p e c i e s  is very s l o w  compared with 
t h a t  on a s u r f a c e  p a r t i a l l y  covered with C2H2. 
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Table 1. -PROCl$DURES FOLLOWED DURING POTENTIAL SEQUEXCES OF FIG. 1 
Step  

( r e f e r s  to 
Sequence pie. Fig .  1) 

I l ( a )  A 

D 

E 

Procedure - 
1. P o t e n t i a l  normally he ld  a t  0 . 4  v. 1. 

between experiments .  

2 .  Bubble gas* through s o l u t i o n  2 .  
w i t h  p a d d l e - s t i r r i n g  f o r  
Te - 2 seconds t .  

3. Continue gas  bubbl ing,  and s t i r -  3. 
r i n g  for 1/2  minute. Stop 
bubbl ing  and s t i r r i n g  and allow 
s o l u t i o n  to  become q u i e s c e n t  for 
1 1/2 minutes. T o t a l  va lue  of 
TC - 2 min.  

4 .  The adsorp t ion  is allowed to pro- 4 .  
ceed  f o r  TD seconds.  

5 .  Apply l i n e a r  anodio sweep E of 5 .  
speed ,  V. 

1 
\ 

Purpose 

T o  minimize exposure of e l e c -  , 
t rode  and adsorba te  to oxi-  
d i z i n g  or reducing condi t ions .  

To remove adsorbed m a t e r i a l s  ' 
from t h e  s u r f a c e ,  and t o  
produce a pass ive  f i l m  which 
b locks  re -adsorp t ion .  

The pass ive  f i l m  of s t e p  B 
is r e t a i n e d  while  desorbed ," 
m a t e r i a l s  and oxygen r e -  
leased  dur ing  s t e p  B a r e  / 
swept i n t o  t h e  bulk of the  ' 
s o l u t i o n  and d i l u t e d .  The 
s o l u t i o n  is allowed to  be- 
come q u i e s c e n t  t o  r e s t r i c t  ' 
mass t r a n s p o r t  t o  ord inary  
d i f f u s i o n  i n  subsequent 
s t e p s .  
The pass ive  f i l m  is l a r g e l y  
reduced dur ing  t h e  f i r s t  few 
mi l l i seconds ,  a l lowing ad- 
s o r p t i o n  of the  hydrocarbon " 
from s o l u t i o n .  
The amount of m a t e r i a l  ad- ' 
sorbed dur ing  time i n t e r v a l  

t h e  1 . a . s .  t r a c e .  

1 

I 

may be determined from 

I1 l ( b )  A - D 1 - 4 .  Same as for Sequence I .  1 - 4 .  Same a s  for Sequence I .  

c r e a s e  occurs  i n  the s u r f a c e  
coverage acquired i n  s t e p  D. 

E 5 .  The p o t e n t i a l  i s  r a i s e d  ( o r  l o w -  5 .  F u r t h e r  i n c r e a s e ,  or de-  
e r e d )  to  value U, for time TE. 

F 6 .  Apply 1 .a . s .  F, of speed V .  6 .  The amount of m a t e r i a l  on 
t h e  s u r f a c e  may be determined 
from t h e  1 . a . s .  t r a c e .  This  
amount w i l l  be  a func t ion  of 
TD and TE. 

* The gaa used was a des igna ted  mixture  of argon and hydrocarbon. 
t "T" with t h e  a p p r o p r i a t e  s u b s c r i p t  is t h e  d u r a t i o n  of any p a r t i c u l a r  s t e p .  

A 

I- z 
W 

1 

I- 1.2v 
B 

1.8v 

A D F 
TIME - 

F5g. 1. -POTENTIPI, SEQVENCES APPLIED TO THE TEST EL;ECTRODE (TIME 
AXES NOT TO SCALF,). 
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I O  

1.0 I. 5 2.0 POTENTIAL ,VOLTS 
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- 

3) 11 : 6.3 11 

4) ( 8  ~ 1 6 .  I' 

5 )  " :loo. " . 

1.0 1.5 2.0 POTENTIAL ,VOLTS 

L.A.S. Traces Corresponding to the Adsorption at 0 . 4  v . ,  
of Ethylene and of Acetylene (1 I HClO4, 30'C). Traces 
measured wairy Sequence I ,  Table I ,  r t t h  v = 10 v./sec. 
The traces of Fig. 2a and the dashed tr8ces of Fig. 2b 
correspond to lowa atmospheres of e thylene .  The s o l i d  
trace8 of F i g .  Ib correspond to 10-3 atmos. of acetylene.  
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' 50 ' 100 ' 150 T E ,  mscc 
0 5  I O  15 WTENTIAL,VOLTS 

I 
/ 

Fig. 3. -L. A. S. TRACES CORRESPOND TO TKE ADSORPTION OF ETHYLENE2 
FROM 85% PHOSPHORIC ACID AT 12OoC (ETHYLENE p.p. = 10  
ATMOSPHERES). TRACES MEASURED USING SEQUENCE I, TABLE I, 
WITH v = 10 v./sec. 

n O n 
0 

N 

0 - O,,,, I N HCL04,  3OoC,  1.08 x 

0- O A ,  I N  HCLO4,30"C, 1 . 0 5 ~ 1 0 - ~  

E ATMOS. ETHYLENE 

0 

ATMOS. ACETYLENE 
0.2 

I I 1 I I I I I I I I 
0 2 4 6 8 IO  

I 

d 

I 

1 

Pig. 4.-KINETICS O F  ADSORPTION OF ETHYLENE AND OF ACETYLENE FROM 
1 N HC104. THE ABSOLUTE SURFACE COVERAGE I S  PROPORTIONAL 
TO THE CHARGE, Q (SEE TEXT). 
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=0.010 sec.  
8. " 

2 5 .  
100. " 

100. " 

0.5 1.0 1.5 2.0 POTENTIAL VOLTS 
N 

E 

0 
E 

Y 

TG , m s e c  
0 5  1.0 I .  5 2.0 POTENTIAL I VOLTS 

Figure 5 .  L . A . S .  Tr.cee Correemndiw to the Adsorption 
of Ethylene and of Acetylene at Varioue 
Potentials ( 1  N HClOq, 3 O O C . l .  
e thylens  = 10-2 atnroepheres, (b) p . p .  of 
8 C e t ~ l e n e  I atmospheres. Traces waeured 
using Sequence 11, Table I ,  with v = 10 v./eec. 

( 8 )  p . p I  of 
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To=O(U<G.6v 1 
A 1. I4 x IO-' ATMOS ETHYLENE, T E  

o 1.3 x I O - ~  ATMOS. ETHYLENE, TE=  IOsec UNSTIRRED SOLUTION 
0 1.08~10-~ ATMOS. EIHYLENE, TE = 100 sec UNSTIRRED SOLUllON 

U, VOLTS 

Fig. 6. -VARIATION OF SURFACE COVERAGE WITH ADSORBATE PARTIAL PRESSURE 

m c m o m  SURFACE C O ~ G E  MAY BE DERIVED BY NORMALIZ~ING 
THE MAXIMUM CHARGE ro 1. 
AND WITH POTENTIAL, FOR E T m N E  (1 N HC104, 30°C). 

\ 

1.0 
. -OENE FOR 1.08 x IO-* ATMOS. ETHYLENE 

m-OA FOR 1.05~10-~  ATMOS ACETYLENE 
0.8 

cu 
5 0.6 
\ 

=I 
0 

- 
E" - 0.4 
0 

0.2 

0 0.2 0.4 0.6 0.8 1.0 1.2 
U, VOLTS 

Fig .  7 .  -VARIATION OF SURFACE COVERAGE WITH POTENTIAL FOR ETHYLENE 
APD FOR A-CE'IYLENE (1 N HC104, 3OoC; ETKYL;ETJE p. p. = lo-' 
AWIOSPHERES, A C E " L E m  p. p. = 10 A T M O S P m S ) .  

b 
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To.0 ( U S  0.6~) OR To = I sec (U? 0.7~) 
I 

, 

I’ I 

? 

\ 

I 

> 
\ 

I 

I 

\ 
\I 

\ 
0.2 0.4 0.6 0.6 1.0 1.2 

U, VOLTS 

Fig.  S.-VARIATION OF SURFACE COVERAGE WITH POTENTIAL AND TEMPERATURE 
I 
\\ FOR E?3NL;ENE AND FOR A C E m N E .  

h 

\ 
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Figure 9. L . A . 8 .  Traces for Aporbd CO (1 R HClO,, 
3OoC, CO p.p .  = 10' atw#rpheres, 
v I 360 v./mec.). (a) corremponda t o  the 
edaorption for tile, T ; (b) corresponds 

layer of CO. 
to ths OXid8tiOn for te 'To=. , Of a 1om- 
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Figure 10. L . A . S .  Tr8cee C o r r e 8 p o n d i n g  to the 
Ab.OtptiOn Of EthBne for T i m ,  T p .  
(1 II HC104, 6 0 ° C ,  P.P. eth8ne = 
atmmphore, v = 10 v ./eec .) . 


